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Abstract 
 The composite fillers have a number of advantages comparing with the traditional filler metals, 
and have been widely used for brazing ceramics. However, previous researches mainly focus on the 
strengthening mechanism of either whiskers or particles. It is still of great interest to investigate the 
reinforcement effect with the presence of both whiskers and particles. In this study, Ag-Cu-Ti+B4C 
composite filler was developed to braze SiC ceramics, and effects of holding time on the 
microstructure evolution and mechanical properties of the joints were investigated in detail. With the 
prolongation of holding time, the overall thickness of Ti3SiC2+Ti5Si3 layers adjacent to SiC ceramic 
was increased correspondingly and the reaction between active Ti and B4C particles were promoted 
more extensively. The bending strength of the joints increased with holding time until the maximum 
bending strength of 140 MPa was reached and then decreased dramatically. The hardness and Young's 
modulus of the joints were characterized by nano-indentation to reveal the strengthening of the brazing 
seam. In addition, the strengthening mechanism of the joints brazed by the Ag-Cu-Ti+B4C composite 
filler was proposed on the basis of experimental observation and theoretical analysis.  
Keywords: brazing, holding time, composite filler, nano-indentation 
 
1 Introduction 
 SiC ceramic is an important structural material for aerospace, nuclear and transportation industry 
applications because of its excellent mechanical properties and chemical stability at high temperature 
[1-3]. However, it is almost impossible to machine SiC ceramic due to its extreme hardness and brittle 
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nature. Therefore, the most popular approach for fabricating SiC ceramic component is to join small or 
simple ceramic pieces together to form the desired structures [4-6]. 
 A wide range of technologies have been developed for joining ceramics, for example, brazing, 
transient liquid phase bonding and diffusion bonding [7-11]. Among all the available joining methods, 
brazing is a versatile technique to join the ceramics to themselves or to metals because of its 
convenience, cost-effectiveness and high-quality [12-13]. Unfortunately, two main problems need to be 
solved to achieve a successful brazing. The first one is that most filler metals have poor wettability on 
ceramics [14-15]. This problem can be solved by using active filler metals consisting of Ti or Zr. The 
active element Ti in filler metals can alter the surface chemistry of the ceramics by forming 
Ti3SiC2+Ti5Si3 layers reducing the wetting angle of the molten filler metals on the ceramics [16]. The 
second problem is the thermal mismatch between ceramics and filler metals. The difference of 
coefficient of thermal expansion (CTE) leads to a high level of tensile residual stresses in the joints, 
which seriously reduces the strength of the joint. The problem can be alleviated by adding low CTE 
materials (particles or fibers) into filler metals. The addition of low CTE materials will release the CTE 
mismatch between ceramics and the brazing seam, therefore improve the joint strength significantly 
[17-18]. He et al. [19] indicated that the addition of 10 vol.% Mo particles into Ag-Cu-Ti filler resulted 
in up to 114.7% improvement in the bending strength of the Si3N4/Si3N4 joints. Wang et al. [20] 
introduced TiN particles as reinforcement in Ag-Cu-Ti filler for joining of Si3N4 ceramic to 42CrMo 
steel. The bending strength of the joints containing 30 vol% TiN particles was about 100% higher than 
that of the joints brazed without TiN particles. Therefore, these low CTE materials are usually called 
reinforcements. Unfortunately, directly adding reinforcements has many intrinsic disadvantages, such 
as heterogeneous distribution and poor wetting ability [21-22]. Hence, in situ synthesized 
reinforcements were developed with considerable advantages, such as fine size, uniform distribution 
and favorable cohesion with matrix [23]. Zhu et al. [24] reported that, by introducing 12 vol% short 
carbon fibers into Ag-Cu-Ti filler, TiC particles were formed in the brazing seam and an approximately 
30% increase in the shear/tensile strength of the stainless steel/alumina joints was observed. Qiu et al. 
[25] investigated the shear strength of the Al2O3/TC4 brazed joints with the reinforcement of in situ 
formed TiB whiskers, which was about 36% higher than that of the joints brazed without TiB whiskers. 
The above investigations revealed the great benefits of using synthesised whiskers or particles as 
reinforcement in the brazing seam. Unfortunately, brazed joints co-enhanced by both whiskers and 
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particles were rarely reported. In our previous study [26], B4C reinforced Ag-Cu-Ti composite filler 
was developed to braze SiC ceramic and the characteristic of interfacial microstructure was initially 
analyzed. However, the strengthening mechanism and effects of holding time on the joints still remain 
to be clarified.  
 In this investigation, Ag-Cu-Ti+B4C composite filler was adopted to braze SiC ceramic. The 
effect of holding time on the microstructure evolution and mechanical properties of the joints was 
systematically investigated. Nano-indentation was employed to analyze the mechanical properties of 
the brazing seam of the joints. In addition, the strengthening mechanism of the joints was proposed.  
2 Materials and experimental procedures 
The base SiC ceramic material used in the experiment was provided by Shanghai Institute of 
Ceramics, which was produced by pressureless sintering. The dimension of the ceramic for brazing was 
3 mm × 4 mm × 20 mm. The surfaces to be joined together were coarsely ground using SiC papers and 
polished with diamond suspensions with a minimum grain size of 1 μm. Then the specimens were 
degreased and cleaned with acetone in an ultrasonic bath for 15 min prior to brazing. The composite 
filler consisted of Ag powders, Cu powders, TiH2 powders (the average particle sizes of above three 
powders are less than 50 μm) and B4C powders with an average particle size of 10 μm. The content of 
Ag, Cu, TiH2 and B4C in composite filler was (in wt.%): 65.5%, 25.5%, 7.5% and 1.5%, respectively. 
TiH2 powers were employed to replace Ti powers in the filler metal, because Ti powers tended to be 
oxidized during mechanical milling. During brazing, when the heating temperature reached 600-800 °C, 
TiH2 powers were decomposed into Ti by the following reaction [27]: 
TiH2 =Ti+H2                                                                     (1) 
The mixture was argon atmosphere-milled for 1 h in a QM-SB planetary ball mill to prepare composite 
filler. The overall weight of the composite filler for each joint was fixed to be 20 mg. The as-milled 
composite filler was mixed with a small amount of high viscosity cellulose nitrate binder to form a 
composite brazing paste. Then the composite paste was carefully coated between SiC ceramic plates 
and the assembly was held in a graphite jig. A compressive load of 0.015 MPa was applied normal to 
the joint surface to prevent any unfavorable movement. The joint assembly was heated to the brazing 
temperature of 950 °C at a rate of 10 °C/min, isothermally soaked for 5-15 min and then cooled down 
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After brazing, the microstructure of the joints was analyzed using scanning electron microscope 
(SEM, Helios NanoLab 600i) equipped with an energy dispersive spectroscopy (EDS). The 
morphology and diffraction patterns for phase identification of the reaction phases were analyzed by 
transmission electron microscopy (TEM, Tecnai G
2
 F30). The TEM sample with a thickness of 200nm 
was prepared by using focused ion beam (FIB, Helios NanoLab 600i) technique. The phases in the 
joint were also employed by an X-ray diffraction spectrometer with Cu-Kα radiation (XRD, 
D8-Advance). The hardness and Young's modulus across the joints were characterized by using a 
nano-indenter with a Berkovich indenter tip. The bending strength of the joints produced with different 
holding time was evaluated and each test was repeated five times, as demonstrated in Ref. [26]. In 
addition, the fracture surfaces of the joints were also observed by SEM.  
3 Results and Discussion 
3.1 Effect of holding time on the microstructure evolution of the SiC/SiC joints 
Fig. 1 shows the microstructure evolution in backscattered electron (BSE) mode of the joints 
brazed with composite filler at 950 °C for different holding time. It could be seen that the 
microstructure of the joints changed significantly with the prolongation of holding time. The joints 
were mainly composed of two reaction zones: Ti3SiC2+Ti5Si3 layers adjacent to SiC ceramic substrates 
and the brazing seam reinforced by TiB whiskers and TiC particles, as demonstrated in our previous 
study [26]. When the holding time was 5 min, the reaction between Ti and B4C particles was 
insufficient, which resulted in the aggregation of B4C particles in the brazing seam. Thus, the amount 
of in situ synthesized TiB and TiC reinforcements in the brazing seam was decreased. As the holding 
time reached 10 min, almost all of the B4C particles reacted with Ti during the brazing process. The 
reaction products such as TiB whiskers and TiC particles were dispersed homogeneously in the brazing 
seam, which made the brazed joint appear as a metal matrix reinforced by whiskers and particles.  
High magnification BSE images of the microstructure in the joints brazed at 950 °C for different 
holding time are shown in Fig. 2. It could be seen that the holding time had a significant effect on the 
interfacial microstructure of the joints. With the increase of holding time, the overall thickness of 
Ti3SiC2+Ti5Si3 layers increased correspondingly. At the shorter holding time of 5 min, the average 
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thickness of Ti3SiC2+Ti5Si3 layers was only about 1.2 μm and cracks were formed adjacent to the 
substrates due to the insufficient reaction between Ti and SiC ceramic. When the holding time was 
increased to 15 min, Ti3SiC2+Ti5Si3 layers grew further and reached approximately 2.7 μm. Based on 
the experimental data, the load-carrying ability of Ti3SiC2+Ti5Si3 layers could be weakened when their 
thickness exceeded 2.1 μm. Microcracks were also formed due to the brittleness of Ti3SiC2+Ti5Si3 
phases, which deteriorated the mechanical properties of the joints. Based on the above analysis, it could 
be concluded that the increase of holding time could facilitate the diffusion of Ti toward SiC ceramic 
and enhance the interfacial reaction since diffusion was a thermally activated process. Longer holding 
time resulted in the faster growth of Ti3SiC2+Ti5Si3 layers, thus favored the increase of total thickness 
of Ti3SiC2+Ti5Si3 layers. In addition, the increase of holding time also stimulated the reaction between 
Ti and B4C particles. Hence, in situ synthesized TiB and TiC reinforcements were dispersed more 
homogeneously in the brazing seam, which was beneficial for the uniformity and refinement of the 
microstructure of the brazing seam. 
3.2 Microstructure around B4Cp reinforcement 
 With the addition of B4C particles in composite filler, the microstructure of the brazing seam is 
dramatically changed. Fig. 3 illustrates the backscattered electron image and the corresponding 
elemental distribution images of B4C particles in the joint brazed at 950 °C for 10 min. Due to the 
limitation of analyzing light elements by the EDS detector in this study, B and C elements are not 
presented. It could be observed that the B4C particles were intimately embedded in the Ag-Cu-Ti filler 
matrix and a grey domain marked by A in Fig. 3(a) was formed surrounding the B4C particles. 
According to Fig. 3(d), Ti-rich region was detected around the B4C particles, which indicated that Ti 
segregated outside B4C particles. The EDS result revealed that this grey domain was made up of 
Ti69.5Cu21.6Ag8.9 (at.%). Based on the previous research [26], the grey domain was likely to be a 
mixture of TiB and TiC phases, which was distributed in the Cu-based solid solution. In order to 
determine the reaction phases in the brazing seam, XRD analysis was performed and the result was 
given in Fig. 4. The peaks of TiB and TiC phases confirmed their existence in the brazing seam which 
in turn supported the above analysis of the microstructure.  
 The morphology and crystal structure of reaction products around B4C particle were shown in Fig. 
5. The specimen for TEM analysis was firstly hand-polished and finally cleaned using focused ion 
beam (FIB). According to the selected-area electron diffraction patterns in Fig. 5 (b) and (c), the 
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needle-shaped reinforcements were TiB whiskers, while the equiaxed reinforcements were TiC 
particles. The average diameter of TiB whiskers was approximately 20 nm and the average aspect ratio 
of TiB whiskers was calculated to be approximately 15.4. The formation of these two phases confirmed 
that B4C particles could react with active Ti in the molten filler.  
 He et al. [19] suggested that new phases in the melt usually preferred to precipitate around 
impurity according to the crystallographic theory. The TiB whiskers and TiC particles in the molten 
filler could act as nucleation sites for Ag-based and Cu-based solid solution. Therefore, the higher 
amount of TiB whiskers and TiC particles in the molten filler, the more nucleation centers would be 
supplied for Ag-based and Cu-based solid solutions. It was beneficial for the uniformity and refinement 
of the microstructure of the brazing seam. And a desired homogenous microstructure in the brazing 
seam was obtained due to the addition of B4C particles, as shown in Fig. 1(b). The reaction equation 
between Ti and B4C particles was as below: 
5Ti+B4C=4TiB+TiC 
ΔG0(kJ/mol)=0.006T-181.53                                                        (2) 
The ΔG0 value of forming TiB and TiC phases calculated by reaction (2) was about -175.83 
kJ/mol at 950 °C. The Gibbs free energy of formation of TiB and TiC phases was negative, which 
indicated that Ti could react with B4C particles to form TiB and TiC phases. However, the reaction 
between Ti and B4C particles is still arguable. Lin et al. [28] investigated the B4C substrate by molten 
Ni-Ti alloys using sessile drop method. The improved wettability was attributed to the formation of 
TiB2 and TiC phases at liquid-solid interface. The formation of TiB2 and TiC phases at the interface 
between B4C substrate and Ni-Ti alloys was different from those (TiB and TiC phases) in this research. 
The conventional thermodynamics was an effective criterion to determine whether chemical reaction 
could occur or not. And the chemical reaction with the lowest ΔG0 value possessed the greatest 
tendency among all possible chemical reactions. In terms of the Ti/B4C system, the following chemical 
reactions might occur during the brazing process.  
3Ti+B4C=2TiB2+TiC                                                                
ΔG0(kJ/mol)=0.01T-160.55                                                          (3) 
TiB2+Ti=2TiB 
ΔG0(kJ/mol)=0.002T-10.49                                                          (4) 
7 
 
 The ΔG0 value for reaction (3) was about -151.05 kJ/mol at 950 °C, which was higher than that of 
reaction (2). It could be indicated that TiB and TiC phases were energetically easier to form than TiB2 
and TiC phases. Moreover, because the ΔG0 value of reaction (4) was -8.59 kJ/mol at 950 °C, TiB2 
phase could react with Ti to form TiB phase. The atomic ratio of Ti to B4C in the composite filler was 
5.6 : 1. Therefore, TiB whiskers would be favorably formed in the brazing seam due to the presence of 
sufficient Ti around the B4C particles. Fan et al. [29] indicated that the growth rate of TiB whisker 
along the needle direction was more than 6 times higher than that of TiB2 phase. The estimated 
diffusion coefficient for B in TiB whisker along the needle direction was about 45 times larger than 
that in TiB2 phase at the brazing temperature, despite the fact that the activation energies for B 
diffusion in both TiB whisker and TiB2 phase were effectively the same. Therefore, TiB2 phase was 
just a transitional phase and would change to TiB whisker by consuming Ti, because TiB whisker was 
thermodynamically more stable.  
3.3 Mechanism of microstructure evolution of the joints 
 Based on the above analysis, the addition of B4C particles in composite filler has an enormous 
effect on the microstructure evolution of the joints. The microstructure evolution and formation 
mechanism of related phases of the joints are proposed in Fig. 6. During the brazing process, when the 
temperature reached 780 °C, the Ag-Cu eutectic parts in the filler firstly melted and Ti began to 
dissolve in the liquid. When the joint assembly was heated to the brazing temperature of 950 °C in Fig. 
6 (a), the active Ti diffused and enriched the region next to the SiC ceramic and B4C particles. At the 
interface, Ti reacted with SiC ceramic and a Ti3SiC2+Ti5Si3 layer was formed along the ceramic. 
Ti3SiC2+Ti5Si3 layers were formed by the following reaction [30]: 
14Ti+6SiC=3Ti3SiC2+Ti5Si3                                                         (5) 
Meanwhile, Ti also reacted with B4C particles resulting in the precipitation of TiB whiskers and TiC 
particles in the brazing seam, as shown in Fig. 6(b). Compared to the joints without B4C addition, the 
average thickness of Ti3SiC2+Ti5Si3 layers in the joints brazed by composite filler decreased 
dramatically. The B4C particles in molten filler consumed large amounts of Ti, therefore the 
concentration of Ti at the SiC ceramic surface was reduced, which resulted in thinner Ti3SiC2+Ti5Si3 
layers. As the brazing process proceeded, Ti was continuously consumed by the reaction with SiC 
ceramic substrates and B4C particles. Therefore, a concentration gradient was formed in the brazing 
seam which in turn promoted the diffusion of Ti toward SiC ceramic and B4C particles. With the 
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prolongation of holding time in Fig. 6(c), the total thickness of Ti3SiC2+Ti5Si3 layers adjacent to SiC 
ceramic increased gradually. Also, the increase of holding time favored reaction (3) and reaction 
between Ti and B4C particles are more sufficient. Thus, the fraction of TiB whiskers and TiC particles 
reinforcements in the brazing seam were increased. In addition, when the process temperature dropped, 
the joints began to solidify and Ag-based and Cu-based solid solutions were formed in the brazing 
seam as illustrated in Fig. 6(d). 
3.4 Effect of holding time on the mechanical properties of the joints brazed with composite filler 
 Fig. 7 shows the bending strength of the joints brazed at 950 °C for different holding time. For 
comparison, the bending strength of the joints brazed using pure Ag-Cu-Ti filler at 950 °C for 10 min 
was also given in this figure. The results revealed that the bending strength of the joints firstly 
increased and then decreased with the prolongation of holding time. The maximum bending strength of 
140 MPa was obtained when the brazing process was performed at 950 °C for 10 min, which was 52% 
higher than the joints brazed without B4C particles. The bending strength of the joints brazed by 
Ag-Cu-Ti filler at 950 °C for 10 min was 92 MPa, which was lower than the result reported by Liu et al. 
[31]. It was mainly due to the different sintering additives and synthesis process of SiC ceramic 
substrate. The improvement of bending strength was well dependent on the microstructure evolution of 
the joints. As analyzed in Section 3.1, a desirable microstructure similar to the metal-based composite 
reinforced by TiB and TiC reinforcements could be obtained in the brazing seam when brazed at 
950 °C for 10 min. Not only the reinforcements with lower CTE in the brazing seam would refine the 
Ag-based and Cu-based solid solution, but also reduce the thermal mismatch between SiC ceramic and 
the brazing seam. That was why the bending strength of the joints was improved significantly with the 
presence of B4C addition. Variation of the holding time influenced the bending strength of the joints, 
which could be attributed to two reasons. Firstly, the holding time affected the thickness of 
Ti3SiC2+Ti5Si3 layers next to SiC ceramic. It was essential to maintain certain thickness of 
Ti3SiC2+Ti5Si3 layers because it played a critical role in decreasing the thermal residual stress gradient 
between SiC ceramic and the brazing seam. At a shorter holding time of 5 min, the reaction between Ti 
and SiC ceramic was insufficient resulting in thinner or discontinuous Ti3SiC2+Ti5Si3 layers along the 
SiC ceramic. When Ti3SiC2+Ti5Si3 layers were thin, they could not transfer enough load and lead to 
lower bending strength. When the holding time was increased to 15 min, thicker but brittle 
Ti3SiC2+Ti5Si3 layers were formed which consequently deteriorated the bending strength of the joint. 
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Secondly, the holding time also affected the reaction between Ti and B4C particles. Longer holding 
time could result in adequate reaction between Ti and B4C particles, leading to an increased amount of 
TiB and TiC reinforcements in the brazing seam.  
 Typical fracture surfaces of the joints are observed after bending tests by SEM, as shown in Fig. 8. 
The EDS results of each region are listed in Table 1. The fractographic analysis was in excellent 
agreement with the microstructure analysis in Fig. 1. When the holding time was 5 min, the reaction 
between active Ti and SiC ceramic was inadequate to form a reliable interfacial bonding. The fracture 
mainly propagated along the Ti3SiC2+Ti5Si3 layers adjacent to SiC ceramic as shown in Fig. 8(a). The 
EDS analysis of region A also indicated that Ti3SiC2 phase mainly dominated the fracture surface. For 
the holding time of 10 min, almost all the B4C particles reacted with active Ti forming in situ 
synthesized TiB and TiC reinforcements in the brazing seam. The fracture started at the SiC ceramic 
and then expanded across the brazing seam into the other SiC ceramic, as shown in Fig. 8(b). When the 
holding time increased to 15 min in Fig. 8(c), the thickness of Ti3SiC2+Ti5Si3 layers reached 2.7 μm 
and thus the load-carrying ability dropped during the bending tests.  
3.5 Strengthening mechanism of the joints brazed by composite filler 
 Based on the above analysis, compared with the bending strength of the joints brazed with pure 
Ag-Cu-Ti filler, the joint strength was evidently improved using Ag-Cu-Ti+B4C composite filler. The 
interfacial microstructure of the joints, the mechanical properties (hardness and elastic modulus) and 
the CTE of the brazing seam were analyzed to elucidate the strengthening mechanism.  
 Firstly, the interfacial Ti3SiC2+Ti5Si3 layers with an appropriate thickness were achieved using the 
composite filler. Iwamoto et al. [14] reported that interfacial Ti3SiC2+Ti5Si3 layers were new phases 
and exhibited different CTE. Too thick Ti3SiC2+Ti5Si3 layers could reduce the joint strength due to the 
brittleness of Ti3SiC2+Ti5Si3 layers. The overall thickness of Ti3SiC2+Ti5Si3 layers became thinner as 
some active Ti was consumed by the addition of B4C particles, which might be in favor of a higher 
joint strength. Conversely, the load-carrying ability of Ti3SiC2+Ti5Si3 layers could be weakened when 
extremely thin Ti3SiC2+Ti5Si3 layers were formed. Hence, a suitable thickness of interfacial 
Ti3SiC2+Ti5Si3 layers was essential to achieve high mechanical properties of the brazed joints.                                                                         
 Secondly, the brazing seam was enhanced by in situ synthesized TiB whiskers and TiC particles 
produced by the reaction between B4C and Ti in composite filler. Nano-indentation test was employed 
to study the mechanical behavior of the brazing seam of the joints brazed with and without the B4C 
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addition. The hardness and elastic modulus of Ag-based solid solution were 2.22 GPa and 126.5 GPa 
respectively, while the hardness and elastic modulus of particle-reinforced brazing seam were 4.03 GPa 
and 191.8 GPa respectively. It could be indicated that the hardness and elastic modulus of 
particle-reinforced brazing seam were higher than those of the Ag-based solid solution due to the 
hardening effect by the TiB whiskers and TiC particles. To some extent, the strengthening of the 
brazing seam was beneficial for the brazed joints. Fig. 9 depicts the load-displacement curves of 
Ag-based solid solution and particle-reinforced Ag-based solid solution. The deformation behavior 
could be divided into elastic-plastic loading and purely elastic unloading. The Ag-based solid solution 
recovered 44 nm of the total 296 nm indentation depth corresponding to an elastic recovery of 14.9%, 
while the elastic recovery was 18.5% for particle-reinforced Ag-based solid solution. The results 
revealed that the plastic deformation of the brazing seam became smaller by incorporating B4C 
particles into the joint, which was certainly detrimental to the relief of the thermal residual stresses. 
However, the adverse effect was not crucial because the hardness and elastic modulus of 
particle-reinforced brazing seam were still lower than those of the substrates due to the low content of 
B4C in the composite filler.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
Thirdly, the CTE reduction of the brazing seam also released the thermal mismatch existing 
between it and SiC ceramic, which could improve the joint strength. For joining SiC ceramic, the large 
CTE mismatch existing between SiC ceramic and Ag-Cu-Ti filler could cause high residual stresses in 
the joint, which deteriorated the joint strength. For this reason, in situ synthesized TiB whiskers and 
TiC particles with lower CTE values in Ag-based and Cu-based solid solutions could reduce the 
residual stresses in the brazing seam. The CTE reduction in the brazing seam could be estimated 
according to the formula (6), as reported in Ref. [23]:  
αc=αm(1-ΣVr)+ΣαrVr                                                               (6) 
where αc was the CTE of the particle-reinforced brazing seam, αm and αr were the CTE of the matrix of 
the brazing seam and reinforcing particles respectively, Vr was the volume fraction of reinforcing 
particles, which consisted of in situ synthesized TiB whiskers and TiC particles. The effect of B4C 
particles addition on the CTE of the brazing seam is shown in Fig. 10. As mentioned above, the CTE of 
the brazing seam was reduced by 14.6% with the addition of 1.5 wt.% of B4C particles, which was 




 In this study, Ag-Cu-Ti+ B4C composite filler was employed to braze SiC ceramic. The effect of 
holding time on the microstructure and mechanical properties of the joints was systematically 
investigated. The main conclusions could be drawn as follows: 
(1) The microstructure of the joints brazed with Ag-Cu-Ti+B4C composite filler mainly consisted of 
two regions: the Ti3SiC2+Ti5Si3 layers adjacent to SiC ceramic and Ag-based and Cu-based solid 
solutions reinforced by TiB whiskers and TiC particles.  
(2) Holding time had a strong influence on the microstructure evolution and bending strength of the 
joints. As the holding time increased, the thickness of Ti3SiC2+Ti5Si3 layers adjacent to SiC 
ceramic increased gradually. In addition, longer holding time resulted in adequate reaction 
between Ti and B4C particles, leading to an increase of TiB and TiC reinforcements in the brazing 
seam.  
(3) The bending strength of the joints brazed by Ag-Cu-Ti+B4C composite filler firstly increased with 
holding time but thereafter decreased dramatically. The maximum bending strength was 140 MPa 
when the joints were brazed at 950 °C for 10 min, which was 48 MPa (~52%) higher than that of 
the joints brazed using pure Ag-Cu-Ti filler. 
(4) The in situ formation of TiB whiskers and TiC particles resulted in the decrease of the CTE 
mismatch between SiC ceramics and brazing seam, which was beneficial for reducing the residual 
stresses in the joint, improving the joint strength.  
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Figures Captions 
Fig. 1 Microstructure in BSE mode of the joints brazed at 950 °C for different holding time: (a) 5 min; 
(b) 10 min; (c) 15 min 
Fig. 2 High magnification BSE images of the microstructure of the joints brazed at 950 °C for different 
holding time: (a) 5 min; (b) 10 min; (c) 15 min 
Fig. 3 (a) Microstructure around B4C particles in the joint brazed with composite filler at 950 °C for 10 
min; (b-d) corresponding element distribution for Ag, Cu and Ti 
Fig. 4 XRD patterns of the brazing seam of the joint 
Fig. 5 (a) TEM bright field image of the microstructure of the brazing seam; SAED patterns of (b) TiB; 
(c) TiC 
Fig. 6 Physical model of the microstructure evolution: (a) aggregation of Ti around B4C particles and 
near SiC ceramic substrates; (b) formation of reaction products around B4C particles and near SiC 
ceramic substrates; (c) growth of reaction products (d) solidification of the joint 
Fig. 7 Effect of holding time on bending strength of the joints 
Fig. 8 Fractographs of the joints brazed at 950 °C for: (a) 5 min; (b) 10 min; (c) 15 min 
Fig. 9 Load-depth curves for the brazing seam 
Fig. 10 Effect of B4C particles addition on the CTE of the brazing seam 
Tables Captions 
Table 1 EDS elemental analysis (at.%) of different regions in Fig. 8 
                                                                                                                                                                                                                                                                                                                                                 
1 
 
 B C Si Ti Ag Cu Possible phase 
A - 30.5 16.2 48.8 2.4 2.1 Ti3SiC2 
B - 43.6 16.8 36.4 1.3 1.9 Ti3SiC2 
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